Global food security is threatened by crop diseases that account for average yield losses of 16%, with the greatest losses experienced by subsistence farmers in the developing world. Climate change is exacerbating the threats to food security in such areas, emphasising the need to increase food production in northern European countries such as the UK. However, the crops must be grown in such a way as to minimise greenhouse gas emissions (GHG) associated with their production. As an example, it is estimated that production of UK winter oilseed rape is associated with GHG of 3300 kg CO 2 eq. ha -1 of crop and 834 kg CO 2 eq. t -1 of seed yield, with 79%
Introduction
Crop diseases directly threaten global food security. Food security is defined as the situation when there is sufficient food to eat to meet dietary needs for an active, healthy life, and may be considered at the global, national, community or household level (Schmidhuber & Tubiello, 2007; Pinstrup-Andersen, 2009 ). However, worldwide more than 800 million people do not have sufficient food (Strange & Scott, 2005) . The effects of diseases mean that there is less food to eat due to crop losses, estimated at 16% globally despite efforts to control the diseases (Oerke, 2006) .
Consequently, there is a need to increase food production by controlling crop diseases more effectively. It is preferable to increase global food production by decreasing losses rather than by increasing crop areas through destroying natural ecosystems such as rain forests. The food security problems associated with crop diseases are especially acute in the developing world, where crops can be destroyed, leading to starvation and death for subsistence farming families (Strange & Scott, 2005) . The food security problems associated with crop diseases are now being made more acute by climate change (Chakraborty et al,. 2000; Garrett et al., 2006) . Whilst the severe consequences of climate change for food security due to sea-level rise, desertification, drought and heat-stress are widely recognised (FAO, 2007 (FAO, , 2009 Frow et al., 2009) , the importance of including crop diseases in climate change impact assessments is not (Gregory et al., 2009) . Climate change may increase the severity and range of existing crop diseases (Evans et al., 2008) or lead to the introduction of new diseases (Anderson et al., 2004) .
Since the threats of climate change to food security are particularly severe for farmers in subsistence agriculture in marginal areas such as sub-Saharan Africa (Morton, 2007 , Schmidhuber & Tubiello, 2007 , there will be increased pressure on farmers in fertile areas that may benefit from climate change, such as northern Europe (Butterworth et al., 2009) , to produce more food at high yields to guarantee global food security (Stern, 2007) . To do this, it will be essential to include strategies to control existing and new disease problems into strategies for adaptation to impacts of climate change (Evans et al., 2008; Gregory et al., 2009) . Thus there is a necessity to maintain or increase food production in northern European countries such as the UK, whilst growing crops in such a way as to decrease emissions of greenhouse gases (GHG) as a contribution to climate change mitigation. Agriculture makes an important contribution to GHG emissions; for example, GHG from agriculture account for 7% of the total GHG produced in the UK (Jackson et al., 2007) . To decrease the contribution of agriculture to global warming, there are many possible options (Smith et al., 2007 (Smith et al., , 2008 Gregory, 2008) . These include decreasing the use of fossil fuels and nitrogen fertilisers (and consequential production of N 2 O), decreasing methane emissions from livestock and increasing the sequestering of carbon from the atmosphere (Glendining et al., 2008) . This paper investigates the contribution to this climate change mitigation objective, from disease control in arable crops through fungicide treatment and cultivar resistance. There is already evidence that disease control in UK winter wheat crops can contribute to climate change mitigation (Berry et al., 2008) . In this paper, we examine the effects of disease control on UK winter oilseed rape in relation to GHG emissions. It is assumed that there is a need to sustain the UK production of winter oilseed rape at the levels recorded (Anonymous, 2008b) for the four years studied.
Worldwide production of oilseed rape is 50Mt per annum (www.fas.usda.gov), worth £15000M at a price of £300/t. The main diseases that affect the UK winter oilseed rape crop are phoma stem canker (Leptosphaeria maculans) and light leaf spot (Pyrenopeziza brassicae), which cause annual losses worth more than £550M worldwide (Fitt et al., 2006 .
Methods

Datasets
The main datasets used were obtained from the HGCA Recommended List trial harvest results for the harvest years 2004 (Anonymous, 2008a . Trials were at sites throughout England and Scotland. Although many of the trials could provide data for yields of different cultivars that had been sprayed with fungicide, fewer trials included additional untreated plots. To assess the effects of controlling disease on yield, the data considered came only from trials where both fungicide-treated and untreated plots were grown. Additional datasets included yield information for fungicide-treated and untreated plots from field experiments done at Rothamsted The energy use for field operations was considered in terms of conventional plough and reduced-tillage systems of cultivation. The plough system takes into account sub-soiling, ploughing, power harrowing, discing and packing, conventional drilling, Cambridge rolling, self-propelled spraying, swathing/desiccant and lime spreading.
The reduced-tillage system includes sub-soiling, discing, power harrowing, combination drilling, Cambridge rolling, self-propelled spraying and swathing/desiccant use. Swathing and desiccant use were assumed to require approximately the same amounts of energy. The rates at which these operations were done were then applied to both systems and the total energy used for each system was calculated. The energy use for the plough system was 5556 MJ ha -1 whereas the energy use in a reduced-tillage system was 4701 MJ ha -1 ; the average value 5129 MJ ha -1 was used in these calculations.
Consequently the total GHG emissions for 1 ha of winter oilseed rape was calculated as the sum of all the GHG emitted by the inputs applied in the production process:
GHG emissions for production of 1t of seed
The GHG emissions for production of 1 t of seed were calculated by using the equation:
Y
Here the GHG t are the greenhouse gas emissions associated with production of 1 t of oilseed rape. GHG ha represents the emissions associated with the production of 1 ha of winter oilseed rape and Y is the yield obtained under different crop-protection scenarios considered. The seed was considered to be the only part of winter oilseed rape to be harvested since at present no market exists for rapeseed straw (Booth et al., 2005) . Some straw may be used on farm for animal bedding, but it is a poorer bedding material than cereal straw and it is rarely traded (Booth et al., 2005) . Winter oilseed rape straw contains nitrogen, which is available, following decomposition, for the next crop. However, this residual nitrogen was not included in these calculations, since it does not directly affect the benefits from disease control in the current winter oilseed rape crop. The relationship between GHG emissions per tonne and yield per hectare was then estimated by using different yield values, from 1 to 6 t ha -1 . The seed yield was the only parameter changed while other inputs were kept constant.
The yield values were subsequently entered into equation (2).
Effects of fungicide treatment
To estimate the effect of fungicides to control disease on the emissions per tonne of seed, the differences in yields between fungicide-treated and untreated plots in experiments throughout the UK were analysed. The means of the data for specific years were calculated for every cultivar in the sites where plots with and without fungicides had been grown. By using equation (2), the different amounts of GHG emitted per tonne of seed produced when fungicides were/were not used were estimated. This process was applied to data from HGCA trials and those done by 
Effects of cultivar resistance
To evaluate the effectiveness of disease resistance for mitigating climate change, differences in yield between cultivars of winter oilseed rape that were resistant or susceptible to two pathogens, Leptosphaeria maculans (cause of phoma stem canker) West et al., 2008) . The effects of disease resistance on GHG emissions per tonne of yield were therefore based on data for each disease only from the relevant region.
Then the HGCA Recommended List resistance ratings of the cultivars, assessed from their trial disease scores, where 1 is very susceptible and 9 is resistant to the pathogen, were used to divide the cultivars into resistant and susceptible groups. For light leaf spot (P. brassicae), the cultivars with ratings 7-9 were considered resistant and those with ratings 1-6 susceptible. For phoma stem canker (L. maculans),
cultivars with resistance ratings 6-9 were considered resistant and 1-5 susceptible.
The cultivars were thus grouped because there was a need to provide an equivalent number of cultivars in each group so that the two groups could be compared. 
Economic evaluation
The gross margin (profitability) analysis and other economic assessments were based on weekly updated prices, the annual mean of which was used as the base price for each year. These prices (£/t) were obtained from MATIF SA ( 
Results
Predicted GHG emissions per hectare of winter oilseed rape
The production of 1 ha of winter oilseed rape was estimated to release emissions of 3337 kg CO 2 eq. This estimate is similar to the estimate of 3285 kg CO 2 eq.
calculated by Spink et al. (2009) . The most substantial contribution to GHG emitted during the production and harvesting of winter oilseed rape was associated with the use of fertilisers, which accounted for 85% of all emissions. Nitrogen fertiliser accounted for 79% all of emissions (manufacture, 1433 kg CO 2 eq. and N 2 O released after application, 1242 kg CO 2 eq.) (Fig. 2) . Another large contributor to GHG emissions was field operations, which were associated with 443 kg CO 2 eq. (14% of the total). The conventional plough system was estimated to release 480 kg CO 2 eq.
while a reduced-tillage system accounted for 406 kg CO 2 eq. Use of crop protection chemicals contributed emissions of approximately 9.4 kg CO 2 eq. (0.3% of the total), with emissions associated with fungicides, herbicides and insecticides estimated to be 
Predicted GHG emissions per tonne of seed
The GHG produced per tonne of winter oilseed rape seed produced, calculated using an average yield of 4 t ha -1 (mean of fungicide-treated and untreated plots, HGCA data), were estimated to be 834 kg CO 2 eq. As the yield of the seed increased, the GHG emissions per tonne of seed produced decreased (Fig. 3) . The difference in GHG emissions per tonne of seed between yields of 1 and 3 t ha -1 was 2225 kg CO 2 eq. t -1 . While the low yield of 1 t ha -1 might be considered unrealistic for the UK, it
should not be ignored in an international context since winter oilseed rape yields are less in countries such as Australia or Canada, although inputs are also less. (Fig. 4) . In the Rothamsted experiments, the differences in emissions ranged from 93 kg CO 2 eq. (Anonymous, 2008b) . This is an average saving of 0.26 Mt CO 2 eq. per annum over this period.
For comparative purposes, if the UK production of winter oilseed rape was considered to be 15 Mt (i.e. the same as the UK wheat production; Anonymous, 2008b), the 4-year average yield to be 3.13 t ha -1 (Anonymous, 2008b) and the percentage lost to disease 11.3%, the net carbon emission savings would be 2 Mt CO 2 eq. if the crop was fungicide-treated rather than left untreated. This compares to the 0.93 Mt CO 2 eq. saved by treating wheat with fungicides (Berry et al., 2008) .
However such differences also depend on other factors which affect oilseed rape and wheat yields, such as the cultivars used and their resistance to other pathogens.
Furthermore, the estimated decrease in emissions t -1 seed associated with disease control for wheat is based on trial yield data and is therefore expected to be an underestimate, because yields obtained in plot experiments are greater than average UK yields.
Effects of cultivar resistance
There were yield differences between resistant and susceptible cultivars in HGCA trials in all years. Cultivars susceptible to P. brassicae on average yielded 4.43 t ha greatly underestimated the effects of disease resistance, since yield differences between cultivars can be attributed to many different factors, including the differences in yield potential between cultivars, susceptibility of cultivars to other pathogens and the regional adaptation of cultivars to locations of the experiments. Such factors probably minimised the effects that resistance had on yield loss; however the resistant cultivars still yielded more and were associated with less GHG emissions than susceptible cultivars, irrespective of these factors.
( Figure 6 near here)
Economic evaluation
Winter oilseed rape is a profitable crop in the UK (Spink et al., 2009 ; Table 2 ).
Economic losses occur only when there is a combination of low prices and low yield (e.g. <£215 and 2.3 t ha -1 or <£183 when the seed yield is 2.7 t ha -1 ) ( Table 2 ). It was assumed that there were constant input costs of £495 and the price used for winter oilseed rape was the Nov-09 MATIF Rapeseed futures price of £294. The gross margins for fungicide-treated and untreated crops were £778 and £638, respectively.
Therefore there was a net benefit of £140 ha -1 from the use of fungicides. For cultivar resistance, the gross margin for cultivars resistant to P. brassicae (in the northern region where light leaf spot was the main disease) was £866 ha -1 while for susceptible cultivars it was £807 ha -1 with a net benefit of £59 ha -1 . In the case of resistance to L.
maculans (in the southern region where phoma stem canker was the main disease), the average gross margins were £666 ha -1 for resistant cultivars and £634 ha -1 for susceptible cultivars, a difference of £32 ha -1 .
( Table 2 near here) To maintain the UK production at the same level as in 2007 (2.1Mt, Anonymous, 2008b), were winter oilseed rape to be fungicide untreated, more arable land would be needed. The crop areas required to sustain 2007 UK production were estimated using the yield loss of 9.1% to be 680,000 ha if the crops were sprayed with fungicides and 748,000 ha if they were untreated. The difference of 68,000 ha represents land that could otherwise be put to a different uses, such as to grow more food or biofuel crops or as a wildlife habitat. In the other years investigated, the land areas required to produce the total UK oilseed rape production (1. losses of £68M were calculated using the provisional Defra harvest results, which did not include oilseed rape grown on set-aside land; they are therefore underestimates.
The five year potential losses if all oilseed rape crops were left untreated were £224M (i.e. an average annual loss of £45M). An annual financial estimation of losses was also done by using annual percentages of crop lost to disease, which ranged from 9.1% in 2007, 9.3% (2006), 13.3% (2005) 
Discussion
These results demonstrate how disease control in arable crops can make a contribution to climate change mitigation as well as to global food security. They suggest that disease control should be included amongst other policy options for decreasing GHG emissions from agriculture (Smith et al., 2007 (Smith et al., , 2008 Gregory, 2008) . Given the need to optimise food production in northern Europe in response to climate change threats to global food security (Stern, 2007) , there are also benefits from controlling diseases in winter oilseed rape in terms of decreased GHG per tonne of crop produced. These decreases are especially associated with more efficient use of nitrogen fertiliser applied to the crop (Glendining et al., 2008) . Furthermore, the climate change mitigation benefits associated with disease control in UK winter oilseed rape are considerably greater than those associated with disease control in winter wheat (Berry et al., 2008) . It is also likely that there will be climate change mitigation benefits from disease control in other arable crops, both in developed and in developing countries, although the mitigation benefits are likely to be less where yields are less and nitrogen fertiliser application rates are less.
It is likely that the mitigation benefits of breeding for resistance to the pathogens that cause crop diseases are considerably greater than those estimated in this work, because it was not possible to clearly separate them from other factors. Furthermore, crop disease resistance is an ideal method of disease control, both high input -high yield crops (e.g. in the UK) where it decreases the need for additional field operations (e.g. to apply fungicide) and in low input -low yield crops (e.g. in sub-Saharan Africa) where it is not cost-effective to use fungicides. Nevertheless such resistance is beneficial in terms of climate change mitigation only if it is durable and can be used in crops for a number of cropping seasons. By contrast, it took some 10 years to introduce resistance genes against L. maculans from Brassica rapa ssp. sylvestris into commercial oilseed rape cultivars that were released in Australia in 2000 and this resistance had been rendered ineffective by 2002, as a result of changes for virulence in the pathogen population (Sprague et al., 2006) . Had the GHG emissions associated with the 10 years of breeding before the release of these cultivars been estimated, it is likely that this resistance would have had no benefit in terms of climate change mitigation. This example demonstrates the need for careful breeding and deployment of disease resistance in cultivars so that the resistance is durable (Stukenbrock & McDonald, 2008 ) and can contribute not only to sustainable crop production but also to climate change mitigation. There are also benefits associated with disease control using fungicides that contribute to climate change mitigation in high input systems, as in this work with winter oilseed rape and that of Berry et al. (2008) with winter wheat.
However, it is important to remember that recent European Parliament legislation (Directive 91/414, http://ec.europa.eu/food/plant/protection/index_en.htm) may mean that fewer fungicides are available to control winter oilseed diseases in the future.
In a world where 800 million people do not have sufficient food to eat (Strange & Scott, 2005 ) and climate change is exacerbating the food security problems for communities farming in marginal environments (Morton, 2007 , Schmidhuber & Tubiello, 2007 , it is essential to develop better strategies for controlling crop diseases as a contribution to global food security (Pinstrup-Andersen, 2009 ). There is an urgent need to decrease current global average crop losses to diseases from 16% (Oerke, 2006) , especially since disease losses are often much greater in crops grown by subsistence farmers in marginal areas. Disease resistance breeding, fungicides and cultural methods can all contribute to strategies to decrease disease losses but they need to be carefully integrated into disease management strategies appropriate for the farming system operating in the region. As a contribution to global food security in the face of climate change, there is a need to maximise crop production in northern
Europe (Stern, 2007, www.climatecongress.ku.dk) by optimising disease control.
Such strategies will also help to maintain the yields and profitability of European farms and thus provide food security for farming families, who might otherwise stop food production and thus worsen global food security problems.
There is also a need to anticipate future disease-induced losses and act now to prevent them. For example, the phoma stem canker pathogen L. maculans is currently a threat to production of 8M ha of oilseed rape grown in China, mostly by subsistence farmers (Fitt et al., 2006 . This pathogen, which has been spreading globally, is not currently present in China, although Chinese cultivars are extremely susceptible to it when they are grown in Europe or Australia. By using models of the spread of L.
maculans across Canada from 1983 to 1998 to predict the future spread across China, it was estimated that an epidemic will cost China £3500M and cause much hardship for subsistence farming families. It was estimated that the combined cost of short- (Table 1) were multiplied by GHG emission factors to estimate GHG emissions per ha of WOSR (Fig. 2) . (2) Yield data were collated from WOSR field experiments in which cultivars that were resistant/susceptible to Leptosphaeria maculans (phoma stem canker) or
Pyrenopeziza brassicae (light leaf spot) were grown in plots with/without fungicide treatments. (3)These data were combined with GHG emissions data to estimate GHG emissions per t yield of WOSR (Fig. 3 ) and the effects of fungicide treatments (Figs 4 & 5) and cultivar resistance to the two pathogens (Fig. 6 ) on GHG emissions.
(4) Finally these data were analysed economically (Table 2 ). Table 1 Economic evaluation Table 2 Effect of fungicides on GHG 
